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SECTION 1 

INTRODUCTION 

1, 3, 5 Trinitrobenzene (TNB) has been identified as a contaminant along with 

other munitions in soil and ground water at numerous U.S. Army installations (Walsh and 

Jenkins, 1992). TNB is a nitroaromatic produced as a biproduct of the manufacture of 

trinitrotoluene. There are a number of studies reporting damage to the testes in 

experimental animals by nitroaromatics (Foster, 1992). For example, in experimental 

animals nitrobenzene (Bond et al, 1981), dinitrobenzene (Cody et al., 1981) and 

trinitrotoluene (Levine et al., 1981) cause testicular damage. Rats exposed to TNB in diet 

had depleted sperm counts and degeneration of seminiferous tubules (Kinkead et al, 

1995). We found no reports that TNB is a human reproductive toxicant, but there are 

reports that male workers exposed daily to organic solvents such as benzene, toluene or 

dinitrotoluene and toluene diamine have oligoasthenoteratozoospermia (Radike, 1985). 

Oligoasthenoteratozoospermiais a condition of reduced sperm count and those sperm 

present are immobile and abnormal looking. 

In vivo rat studies (Kinkead et al., 1995) provided limited information on the 

mechanism of TNB toxicity, so a precision cut testis slice model was developed. Because 

of the relatively low amount of intertubular connective tissue, slices from rat testes could 

not be prepared (Wyman et al., 1996).   Bull and dog testes have sufficient intertubular 

connective tissue to allow preparation of proper slices. The evaluation of TNB toxicity 

was performed using bull testes because this tissue was easily obtained through a local 

meat processing company. 

1 . 



Using this in vitro slice model, histology preparations of bull testes slices exposed 

to TNB showed increased necrosis of the germinal epithelium compared to control slices 

(Wyman et al., 1996) which was a finding consistent with that observed in previous in vivo 

exposures (Kinkead, et al., 1995) 

In the presence of diethyl maleate (DEM), testicular slices also had increased lipid 

peroxidation as measured by TBARS assay. DEM is know to deplete endogenous levels 

of the antioxidant, glutathione. TNB, in the presence of DEM, blocked the increase in 

lipid peroxidation in testicular slices (Wyman, et al., 1996). 

Lipid peroxidation is a chain reaction which results from the abstraction of a 

hydrogen atom from a methylene group by a reactive species (Gutteridge, 1995a). 

Examples of species which can abstract the hydrogen and initiate lipid peroxidation are the 

hydroxyl radical, alkoxyl radical and peroxyl radical (Gutteridge, 1995b). In the testis 

slice study TBARS depression was dose-dependent (Wyman et al., 1996) and suggested 

TNB or its decomposition products altered free radical levels or even generated radicals 

which did not have enough energy to abstract a hydrogen atom necessary for lipid 

peroxidation. 

To test this hypothesis we used electron paramagnetic resonance (EPR) to detect 

free radicals. It was reasonable to expect that radical adducts generated by testicular 

slices may be trapped and detected by EPR using spin traps. A number of spin traps have 

been used to detect radicals in biological slices (Steel-Goodwin et al 1992, Myers et al 

1994 and Steel-Goodwin et al 1995). This technique involves the use of nitroso 

compounds (Lagercratz, 1971) and nitrones (Janzen, 1971) which react with short-lived 



radicals to produce more stable adducts (Buettner, 1982). The spectral information 

contained in the adduct is often less than that of the parent radical (Joshi and Yang, 1981). 

Free radical chemistry of the testis was studied to elucidate TNB toxicity effects 

because: one, nitroaromatic compounds have been reported to act through free radical 

pathways (Romero, et'al., 1995); two, cells in the seminiferous tubules are very sensitive 

to free radical damage and are protected by a blood-testis barrier; three, the seminiferous 

tubules have very low levels of catalase (Burhley and Ellis, 1973) which reacts very 

rapidly with hydrogen peroxide and is important when glutathione peroxidase or reduced 

glutathione levels are unavailable to remove hydrogen peroxide (Rice Evans et al., 1991) 

and four, unique histones are present in the testes which may act as free radical 

scavengers (Zenick and Clegg, 1986). Other nitrocompounds have been reported to have 

cytotoxic effects in testes because their reduction catalyses the formation of Superoxide 

radicals (Decompo et al 1981). Superoxide radicals cannot initiate lipid peroxidation and 

neither can hydrogen peroxide (Gutteridge, 1995b) and this could explain the lipid 

peroxidation effects observed in this study (Wyman et al., 1996). The possibility of TNB 

generated radicals was investigated using EPR/spin trapping. 



SECTION 2 

MATERIALS & METHODS 

Chemicals:   1, 3, 5-Trinitrobenzene (TNB) was obtained from Dr. Gunda Reddy, Army 

Biomedical Research and Development Laboratory, Ft. Detrick, Fredrick, MD. All other 

chemicals were research grade obtained from Sigma or Aldrich. 

Sample Analysis: Bovine testicles were donated by Landes Meats, Inc., Dayton, OH. 

The tissue was prepared and sliced as described previously (Wyman et al 1996) and placed 

in 1.7 ml incubation medium. The incubation medium (pH 7.4 ±0.1) was Waymouth's 

supplemented with 10% fetal calf serum (Gibco), gentamycin (84mg/ml), L-glutamine (3.5 

mg/ml) and sodium bicarbonate (2.4 mg/ml). A saturated solution of potassium 

Superoxide (Aldrich Chemical Co) was prepared in 250 ul dimethylsulfoxide (DMSO, 

Aldrich Chemical Co) and 5 ul added in experiments involving Superoxide. TNB was 

dissolved in DMSO and added to the media to give final concentrations of 0, 50, 100, 500, 

or 1000 uM as described previously (Wyman et al 1996). The spin trap, N-tert-butyl-a- 

phenyl nitrone (PBN, Aldrich Chemical Co) was weighed and dissolved in 500 ul DMSO 

just prior to addition to the incubation media so that the final concentration of PBN in the 

incubate was 10 mM. All incubations were carried out in media supplemented with 

diethylmaleate (DEM, Wyman et al., 1996) unless otherwise stated. The slices were 

incubated in glass scintillation vials and throughout the experiment they were protected 

from ultraviolet and fluorescent light sources. At the end of the incubation period 0-60 

min, the testes slice was homogenized in the media, frozen in liquid nitrogen (77K) and 

lyophilized. The lyophilized media was rehydrated in lOOul double distilled water, 



vortexed and 20 \x\ was drawn into a glass capillary tube, sealed, and placed in the cavity 

of an EMS EPR Analyzer (Bruker Instruments, Billerica, MS). The EPR instrument was 

calibrated with pitch (Bruker, Instruments, MS) and operated, unless otherwise noted, at a 

magnetic field set at 3.475 mT, modulation amplitude 0.16mT, time constant 1310.72 ms, 

scan time 167.77 ms, scan range 0.6mT and temperature 25°C. Hyperfine values were 

determined by direct measurement from the spectra and computer simulated. 

Statistical Analysis: Analysis of variance was performed using Design Ease® and 

regression analysis was determined by Sigma Stat® and Sigma Plot® statistical programs. 



SECTION 4 

RESULTS & DISCUSSION 

In the control bull testes there were radical adducts detected when the slices were 

incubated with DMSO alone and with the PBN spin trap. This suggests either the radicals 

detected are the result of cell damage or that the slices produce radicals as part of their 

normal metabolism. Cell viability data and TBARS analysis support the latter explanation 

(Wyman et al, 1996). Figure 1A shows the typical spectrum of PBN radical adducts in 

lyophilized slices following 10 min incubation. In the presence of TNB, radicals were also 

detected, Figure IB. Control media gave only a broad signal, Figure 1C. 

set 3«3 3475 3487 3499 
HUBS 

Figure 1. A Spectrum of control testis slice. R Spectrum ofTNB-treated testis slice 
C. Control media no testis 



The radicals induced by TNB are shown in Figure 2A. When this spectrum was 

computer simulated the hyperfine coupling constants were aN = 1.629mT and ai/= 

0.353mT, Figure 2B. TNB alone without slices had a broad signal, Figure 2C, which was 

similar to media alone, Figure 1C. 

aN = 1.629 mT 
aHß= 0353 mT 

B COMPUTER 

SIMULATION 

3463 3475 3487 3499 
(GAUSS) 

Figure 2 A Spectrum of TNB induced radicals in testis slices B.  Computer simulated 
spectrum of A. C Spectrum of media with TNB and no testis. 



Trinitrobenzene (TNB) is a nitroaromatic which we hypothesised was metabolised 

similar to dinitrobenzenes and would produce an EPR signal in DMSO, the solvent used 

to dissolve TNB and the spin trap, PBN. Possible radical adducts are shown in Figure 3. 
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Figure 3 Reactions of DMSO and PBN with decomposition products of TNB. 

Experimentally radicals were detected in DMSO alone, as well as with PBN, 

Figures 1& 2. DMSO is a classical solvent for studying the EPR signal of nitrobenzene 

(Rice Evans et al., 1991) and recently DMSO has been used to trap peroxynitrite-induced 

radicals formed by reaction of nitric oxide with Superoxide (Carmichael and Steel- 

Goodwin, 1994).   Figure 4 shows the radicals detected in DMSO in the presence of slices 

alone, Figure 4A and with TNB, Figure 4B. Similar spectra were observed in both the 

control and TNB-treated slices.   Control media had a broad signal, Figure 4C. 
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Figure 4 A Spectrum oftestis slices incubated in DMSO. B. Spectrum oftestis slices 
incubated with TNB in DMSO. C. Spectrum of control media. 

To determine if the cytotoxic effects of TNB in testis slices was because TNB- 

reduction catalyzes the formation of Superoxide radicals (Decampo et al, 1981), 

experiments were repeated with and without dimethylmaleate (DEM) in the incubate in the 



presence of Superoxide and the results were compared with TNB-exposed samples, 

treated similarly, Figure 5. 

3451 

3451 

3463 

3463 

3475 

U +DEM 

3487 

3475 3487 

4- 
34S9. 

(GAUSS) 

■4- 
3499 

(GAUSS] 

Figure 5 A The spectra of control slices exposed to Superoxide with and without DEM. 
B The spectra of TNB treated slices exposed to Superoxide with and without DEM. 

Slices of testis incubated without DEM had a broad spectrum, Figure 5 A even 

though Superoxide was added. The typical PBN-radical adducts shown in Figure 1A were 

10 



detected in the presence of DEM and Superoxide, Figure 5A. The TNB-treated slices, 

Figure 5B were similar to the controls, Figure 5 A. In the presence of DEM and 

Superoxide, a triplet of doublets was detected. With no DEM in the incubate the signal 

was similar to control TNB media, Figure 2C. DEM is a commonly used reagent for 

tissue glutathione depletion. DEM conjugates with glutathione and this raises the baseline 

of TBARS (Wyman unpublished data). DEM presence in the incubate probably alters 

availability of NADPH, an electron donor. Well resolved EPR spectra are known for 

many of the dinitrobenzenes where Superoxide reacts to yield corresponding nitrophenols 

(Poupko and Rosenthal, 1973), but we found no literature on the effects of Superoxide 

with TNB. The present experimental data does suggest testes slices incubated in vitro for 

0-60 min with TNB releases free radicals, Figures 1, 2, 4 & 5. 

EPR can be used to determine the quantity of radicals by measurement of the 

intensity of the EPR signal. The EPR intensity measured in the testes slices after 

incubation for 60 min is shown in Figure 6. By analysis of variance there was more 

radicals detected in slices with TNB compared to controls (r2 = 0.73, F= 27.47, P< 

0.0001), Appendix A. Linear regression analysis of the plot shown in Figure 6 is given in 

Appendix B. Further studies are necessary to measure the actual number of radicals 

detected with known radical standards, such as stable spin labels which have been used 

successfully for measuring TCE radicals (Steel-Goodwin et al 1994). 

11 
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Figure 6. EPR intensity of slices after incubation for lh in 0-1 mM TNR 

Nitroaromatics are believed to be metabolized by nitroreductases by a mechanism 

which uses NADPH as the electron donor and molecular oxygen which leads to 

production of the Superoxide radical and regeneration of the nitrocompound (Decompo et 

al 1981, Mason & Josephy 1985, Biaglow et al 1986, Mason 1990, Romero et al 1995). 

DEM depletes glutathione in the testis slices and raises the TBARS baseline so it is 

reasonable to suggest that hydroxyl radicals are generated in the slices and these are 

involved in the TNB-induced testicular damage. Equations 1-8 shown below are the 

possible events. Cells are equipped with NADPH-dependent glutathione reductase to 

reduce the oxidized glutathione, Equation 3. Although Superoxide dismutase is the major 

antioxidant enzyme in the testis, Equation 4, NADPH is also important in reducing 

12 



Superoxide to hydrogen peroxide, Equation 6. NADPH is also important in nitroreductase 

activity, Equation 8. 

GSH + H202 -> GS-SG+ 2H20 (1) 
LOOH -» GS-SG + LOH+ H20 (2) 
GS-SG -> 2GSH (3) 

02- + 02- + 2lf -» H202 + 02 (4) 
02" + H202 -> OH + Off + 02 (5) 
02* +NADPH -> H202 + NADF (6) 
OH■ + NADPH ->• H20 + NADP (7) 
NADP + TNB -» NADP+ + TNB- (8) 

Further studies are necessary to elucidate the mechanism of DEM action in the 

generation of radicals in the slices especially the role of the unique histones present in the 

testis. These histones can act as substrates for cysteine. The presence of TNB in the 

incubate upsets the delicate balance between oxygen and nitrogen centered radicals in the 

seminferous tubules. Oxygen centered radicals are necessary for cell division in the germ 

cells and their levels are normally under strict control by nitrogen centered radicals. 

Elevation of oxygen centered radicals may explain the pathological damage to both the 

germ cells and sertoli cells in the slices incubated with TNB (Wyman et al 1996). The 

decomposition products of TNB have still to be identified, as well as the radical species 

which is induced by TNB and trapped by DMSO and PBN, Figure 3. However, the role 

of free radicals in TNB toxicity is particularly timely and this study in the testis 

compliments new information on the role of cysteine residues in hemoglobin to carry the 

free radical NO (Jai et al 1996) and the clinical reports that nitroaromatics and 

pharmaceuticals with similar chemical structure to TNB cause methemoglobinemia even 

when topically applied (Dinneen et al 1994). 

13. 
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SECTION 5 

APPENDIX A 

Data was analyzed using the Design Ease® for Windows from Stat-Ease Inc. 
Minneapolis, MN. 

1. Design Layout 

Std On Id Run Block 
1MB 
au 

FSCtDT 

B=R 

1 19 1 1000 62.88 

2 23 1 1000 65.14 

3 5 1 1000 48.76 

4 16 1 1000 52.41 

3 13 1 1000 48J0 

6 2 1 1000 50.67 

7 2 17 1 500 50.56 

8 2 30 1 500 51.86 

9 2 26 1 500 38.99 

10 2 8 1 500 39.95 

11 2 15 1 500 65.33 

12 2 7 1 500 65.85 

13 3 28 1 100 32.66 

14 3 27 1 100 32.79 

15 3 29 1 100 22.04 

18 3 24 1 100 2237 

17 3 20 1 100 18.15 
18 3 1 1 100 19.18 
19 6 1 50 3291 
20 21 1 50 33.04 

21 9 *1 50 38.09 

22 22 1 50 39.82 

23 14 1 50 18.12 

24 25 1 50 18.12 

25 4 1 0 12.67 
26 11 1 0 1248 

27 12 1 0 12.76 
28 18 1 0 1829 
29 10 1 0 1134 
30 3 1 0 19.08 

«■mi BRUKER    B<Sie4 »»»» 

DATE 24-APR-1996 
TIME I4::9:aa 
OPERATOR  : 
SAMPLE s38un 
UNITS ; 
COMMENT 

MP    : 25 .06 
HSU   : 186 .28 

RCT : 
4 

ie 
•4a .t# 3e a»" 

RTC  : 7d 
RRG  : 
ROF  : a   * 
RPH  : a 
HCF  : a .38 
JNS  : 4 
SH    : 28 

«»»XXXMXSXXXX»»»))»»»»«)»« 

l: £2.as IB» 
2: 55.14 
3: 48.76 
4: 52.41 
5: 48.98 
6: 5B.Ö7 
7: 58.55 
8: 51. SS 
9: 38.99 

18: 39.95 
11: 65.33 
12: 65.35 
13: 32. äö 
14: 32.79 
15: 22.84 
16: 22.37 
17: 18.15 
18: 19.18 
19: 32.91 
28: 33.84 
21: 38.89 
22: 39.82 
23: 18.12 
24: 18.12 
25: 12.67 
26: 12.48 
27: 12.76 
28: 18.29 
29: 13.34 
38: 19.as 
31: 18.84   SO» 
32: 22.87 
33: 45.68 
34: 65.22 
35: 98.75 
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2. Analysis of EPR Data 

SOURCE 

MODEL 
RESIDUAL 
COR TOTAL 

ROOT MSE 
DEPMEAN 
C.V. % 

SUM OF 
SQUARES DF 

7363.3671 4 
1675.3610 25 
9038.7281     29 

8.1862 
35.2403 
23.2297 

MEAN 
SQUARE 

1840.84 
67.01 

VALUE   PROB > F 

27.47    < 0.0001 

R-SQUARED 
ADJR-SQUARED 

PRED R-SQUARED 

Predicted Residual Sum of Squares (PRESS) =        2412.52 

TREATMENT MEANS (ADJUSTED, IF NECESSARY) 

ESTIMATED MEAN STANDARD ERROR 

000 54.7933 3.3420 
500 52.0900 3.3420 
100 24.5317 3.3420 

50 30.0167 3.3420 
0 14.7700 3.3420 

MEAN STANDARD  tFOR HO 
Treatment DIFFERENCE                DF     ERROR COEFFICIENTS PROB > 

lvs 2 2.70                1 I       4.726 0.572 0.5724 

lvs 3 30.26               ] I      4.726 6.403 < 0.0001 
1 vs 4 24.78               1 I      4.726 5.242 < 0.0001 

lvs 5 40.02               ] I      4.726 8.468 < 0.0001 
2vs 3 27.56               ] I      4.726 5.831 < 0.0001 
2vs 4 22.07               1 I      4.726 4.670 < 0.0001 
2vs 5 37.32               ] I      4.726 7.896 < 0.0001 
3 vs 4 -5.48                1 I      4.726 -1.161 0.2568 
3vs 5 9.76 I      4.726 2.065 0.0494 
4vs 5 15.25 I      4.726 3.226 0.0035 

0.81 
0.78 
0.73 
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OBS     ACTUAL PREDICTED STUDENT COOK'S OUTLIER  RUN 
ORD      VALUE      VALUE RESIDUAL LEVER   RESID   DIST T VALUE ORD 

1 62.88 54.79 8.087 0.167 1.082 0.047 1.086 19 
2 65.14 54.79 10.347 0.167 1.385 0.077 1.412 23 
3 48.76 54.79 -6.033 0.167 -0.807 0.026 -0.802 5 
4 52.41 54.79 -2.383 0.167 -0.319 0.004 -0.313 16 
5 48.90 54.79 -5.893 0.167 -0.789 0.025 -0.782 13 
6 50.67 54.79 -4.123 0.167 -0.552 0.012 -0.544 2 
7 50.56 52.09 -1.530 0.167 -0.205 0.002 -0.201 17 
8 51.86 52.09 -0.230 0.167 -0.031 0.000 -0.030 30 
9 38.99 52.09 -13.100 0.167 -1.753 0.123 -1.834 26 

10 39.95 52.09 -12.140 0.167 -1.625 0.106 -1.683 8 
11 65.33 52.09 13.240 0.167 1.772 0.126 1.856 15 
12 65.85 52.09 13.760 0.167 1.841 0.136 1.940 7 
13 32.66 24.53 8.128 0.167 1.088 0.047 1.092 28 
14 32.79 24.53 8.258 0.167 1.105 0.049 1.110 27 
15 22.04 24.53 -2.492 0.167 -0.333 0.004 -0.327 29 
16 22.37 24.53 -2.162 0.167 -0.289 0.003 -0.284 24 
17 18.15 24.53 -6.382 0.167 -0.854 0.029 -0.849 20 
IS 19.18 24.53 -5.352 0.167 -0.716 0.021 -0.709 1 
19 32.91 30.02 2.893 0.167 0.387 0.006 0.380 6 
20 33.04 30.02 3.023 0.167 0.405 0.007 0.398 21 
21 38.09 30.02 8.073 0.167 1.080 0.047 1.084 9 
22 39.82 30.02 9.803 0.167 1.312 0.069 1.332 22 
23 18.12 30.02 -11.897 0.167 -1.592 0.101 -1.645 14 
24 18.12 30.02 -11.897 0.167 -1.592 0.101 -1.645 25 
25 12.67 14.77 -2.100 0.167 -0.281 0.003 -0.276 4 
26 12.48 14.77 -2.290 0.167 -0.306 0.004 -0.301 11 
27 12.76 14.77 -2.010 0.167 -0.269 0.003 -0.264 12 
28 18.29 14.77 3.520 0.167 0.471 0.009 0.464 18 
29 13.34 14.77 -1.430 0.167 -0.191 0.001 -0.188 10 
30 19.08 14.77 4.310 0.167 0.577 0.013 0.569 3 
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3. Diagnostic and Interpretation Graphs 

DESIGN-EASE Aral»». 
EPR 

M- ? 
«5- y° 90- AT ao- 
70- 

50- F* 
i 

30- 
20- i r 
10- 
s- y 
1- 

& 

1          1 
-1.753      -0.854      OOU       0.843       1.841 

Student Rasidual 

5 
1.841- 

DESIGN-EASE Analysis 

EPR 

e 
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d 
a 
n 
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0.643- 
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a . 
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°a 
a 
a 

-1.154- 

-1.753" 
0 8 

i 
14.77 

I 
24.78 

i 
34.78 

l 
44.79 
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EPR 
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a 
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a 

—I— 
24.78 

—i 1 r 
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DESIGN-EASE Analysis 
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DESIGN-EASE Analysis 

H EPR 

i \—i—i 1 1 1 r 
1     5     9    13    17    21    25 DESIGN-EASE Analysis 

Run Number EPR 

i—\—i—i—r 
13     17     21     25     29 
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SECTION 6 

APPENDIX B 

Regression Analysis of EPR data 

1. EPR data of Slices. 

[TNB] EPR Intensity 
1000.0000D62.8800DPIot 10 
1000.0000065.14000Order 1D 
1000.0000048.760000 
1000.0000DS2.41000AII curves:0 
1000.0000048.90000Coefficients:0 
1000.0000050.67000b[0]022.9937 
500.0000050.5600Db[1]D0.0371 
500.0000051.86000r =00.6564 
500.0000038.990000 
500.0O00039.9S00DFunction ValuesO 
500.0000065.33000xDfO<) 
S00.0000065.850000.0000022.9937 
100.0000032.6600020.0000023.7359 
100.0000032.7900040.0000024.4781 
100.0000022.0400060.0000025.2203 
100.0000022.3700080.0000025.9626 
100.0000018.15000100.0000026.7048 
100.0000019.18000120.0000027.4470 
50.0000032.9100D140.0000028.1892 
50.0000033.04000160.0000028.9314 
50.0000038.09000180.0000D29.6737 
50.0000039.82000200.0000030.4159 
50.0000O18.1200O2Z0.0p00O31.1581 
50.0000018.12000240.0p00031.9003 
0.0000012.670000 
0.O0O0D12.480ODD 60 - 
0.0000012.760000 
0.0000018.290000 
0.0000013.340000 ,n 
0.0000019.080000      n 

1000     1200 
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2. EPR of spin label standards (0-500 uM) run under the same conditions as 
the slices. 

120 

100 - 

80 - 

60 - 

TO 

.?    40 -5k 

20 - 

[STD]        Intensity 

500.0000D99.6900DAII curves:D 
300.0000O66.0400DCoefficients:D 
200.0000D44.2800Db[0]D8.2808 
100.0000D23.1900Db[1]D0.1839 
0.0000Dl0.5000Dr2D0.9951 
DDD 
D D Function ValuesD 
DDxDf(x) 
DD0.0000O8.2808 
DD10.0000D10.1199 
DD20.0000D 11.9589 
nn30.oooon 13.7980  
DD40.0000D 15.6370 
DD50.0000D 17.4761 
DD60.0000D19.3151 
DO70.0000D21.1542 
DD80.0000D22.9932 
DD90.0000D24.8323 
DD100.0000D26.6714 
DD110.0000D28.5104 
OO120.0000O30.3495 
00130.0000032.1885 
DD140.0000D34.0276 
DD150.0000D35.8666 
DD160.0000D37.7057 
DD170.0000D39.5447 
OD180.0000D41.383: 
00190.0000043.2 
OD2OO.OOOOD45J0619 

1 1 1 1 1 I 

0 100       200       300       400       500       600 

{S-CARJXIO^M 
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